Sialic acid (SA), which usually occupies the terminal position of oligosaccharide chains in mammalian spermatozoa, has important functions in fertilization. Compared with other methods, such as lectin probing, boronic acid could recognize and bind SA with a higher affinity and specificity at pH 6.9. In this study, two boronic acid carriers, 3-aminophenylboronic acid-labeled fluorescent latex (CML-APBA) and magnetic beads (CMM-APBA were applied to explore surface sialylation profile and sialoglycoproteins of the boar sperm. There are three binding sections of CML-APBA on the head of ejaculated sperm: acrosomal region, equatorial segment and the head posterior, which are the major regions undergoing sialylation. After capacitation in vitro, two major binding patterns of CML-APBA exists on sperm head. On some spermatozoa, sialylation exists on the equatorial segment and the posterior head, whilst on other spermatozoa, sialylation occurs on the acrosomal region and equatorial segment. Flow cytometry analysis suggested that the level of sialylation on boar sperm membrane decreases after capacitation. Furthermore, using CMM-APBA, we pulled down sialylated proteins from spermatozoa. Among them, two decapacitation factors associating on sperm surface, AWN and PSP-1, were identified. The levels of the two proteins reduced during capacitation, which might contribute to the decrease of sialylation on boar sperm surface.
Introduction
Spermatozoa take a long journey to undergo a series of changes before one of them fertilizes the oocyte (Fraser 1998) . Change on sperm surface carbohydrate profile is one of the key molecular events in the procedure of fertilization. Sialic acid (SA) is the outermost monosaccharide, which caps the majority of glycans at the sperm membrane surface in the epididymis (Young et al. 1986) . As an important event during sperm epididymal maturation, accumulation of SA on sperm has been demonstrated in the ram (Holt 1980) , bull (Holt 1980) , mouse (Ma et al. 2016 ) and rat (Toowicharanont & Chulavatnatol 1983 ) during transit through the epididymis. These studies suggested that epididymal epithelium could synthesize and secrete materials for sialylation of sperm surface or carriers with SA for accumulation on sperm surface. Sialylation changes the physiochemical properties of mammalian cell surface and participate in many physiological functions (Tiralongo & Martinez-Duncker 2013) . For ejaculated spermatozoa, sialylation provide a negatively charged surface, which is a key factor for transit through the cervix (Ozerlat 2011 , Tollner et al. 2011 . Capacitation is another process of structural and biochemical changes for previously ejaculated spermatozoa to reach oocytes (Aitken & Nixon 2013) . One of the significant changes has been observed that surfaces of mouse and human sperms are desialylated by the presence of sialidase during capacitation, which may unmask certain sperm surface antigens for zona pellucida (ZP) recognition and fertilization (Ma et al. 2012) .
SA is a large family of nine-carbon backbone aminosugar that usually occupies the terminal position of oligosaccharide chains in a variety of glycoconjugates (Schauer 1982) . The two most common SAs found in mammals are N-acetylneuraminic acid (Neu5Ac) and its derivative N-glycolylneuraminic acid (Neu5Gc) (Rohrer et al. 1998) . The assessment of sialylation distribution on sperm surface and quantification of sialylated glycoproteins of sperm might contribute to a better understanding of the function of sialylation in sperm biology. Lectins are capable of recognizing and binding to glycosyl groups with various degrees of specificities. Usually, fluorescence-labeled lectins, such as wheat germ agglutinin (WGA), are applied to research SA location on sperm surface (Magargee et al. 1988 , Y Wang and others 26 Jimenez et al. 2003 , Gomez-Torres et al. 2012 . However, nonspecific binding has also been reported (Nagata & Burger 1974) . Boronate affinity-functionalized materials have drawn increasing attention due to their capability to selectively react to different glycosyl groups (Lu et al. 2013) . Boronic acids can covalently react with cisdiols in the oligosaccharide chains of glycoproteins to form five-or six-membered cyclic esters (Wang et al. 2013) . When the reaction pH is higher than the pK a of the boronic acid by one pH unit or more, the boronate affinity preferentially binds to glycoproteins containing neutral sugars and excludes SA due to electrostatic repulsion. When the binding pH < the pK a by one pH unit or more, the boronate specifically binds to sialylated glycoproteins due to the exceptional binding affinity of the boronic acid toward SA residues (Lu et al. 2013) . This unique chemical property makes the boronic acid group attractive for many applications of recognition, separation and enrichment of glycoproteins. There are many boronic acid-functionalized monolith materials for selective recognition, such as quantum dots (Liu et al. 2011 , Huang et al. 2014 , Kur-Kowalska et al. 2014 , Cao et al. 2015 , magnetic beads (Lee et al. 2005 , Lin et al. 2011 ) and so on.
In the present report, bearing boronate groups, two tools were employed for studies of surface sialylation and sialylated proteins of boar sperm. Carboxylatemodified latex-FITC beads, conjugated with 3-aminophenylboronic acid (CML-APBA probe), were used to reveal sialylation profile and profile change on sperm surface during capacitation in vitro. Carboxylatemodified magnetic beads (CMM) conjugated with 3-aminophenylboronic acid (CMM-APBA beads) were used to enrich sialylated proteins of boar spermatozoa. Of them, two sperm surface proteins AWN and PSP-1 were identified. Our study suggested that dissociation of these two sialylated proteins from spermatozoa may also contribute to whole level change of surface sialylation of boar spermatozoa during capacitation in vitro.
Materials and methods

Ethics
All breeding pigs were fed in accordance with the Guide for Veterinary Ethical Committee of the Ministry of Agriculture of China and all experimental procedures approved by the Bioethics Committee of Northwest A&F University.
Preparations of CML-APBA and CMM-APBA
Schematic representation of the preparation and working principle of CML-APBA or CMM-APBA is shown in Fig. 1 . CML-APBA beads were prepared according to previous reports (Liu et al. 2011 , Wang et al. 2013 . Briefly, 30 μg carboxylatemodified latex beads (CML) (Cat# L5155, Sigma) were mixed with 1 mg/mL 3-aminophenylboronic acid (APBA, Sigma) dispersed in a 100 mmol/L MES buffer solution (pH 5.5) and gently stirred for 15 min. After that, 10 mg/mL N-ethyl-N0-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC, Sigma) was added into the above mixture to start the EDACcatalyzed coupling between APBA and beads. The reaction was carried out for about 2 h at room temperature. The conjugation mixture was ultrafiltrated (YM-100, Millipore) at 8000 g for 5 min to remove free APBA and EDAC. After resuspension in phosphate-buffered saline (PBS, pH 7.4) and one more ultrafiltration, the CML-APBA beads were resuspened in PBS. Using the same strategy, CMM-APBA beads were prepared. Carboxylate-modified magnetic beads (CMM) (HRCZ04N100) were purchased from Huier (Luoyang, Henan, China). Briefly, the conjugation was carried out for about 2 h at room temperature. The supernatant containing free APBA AND EADC was removed after CMM beads were bound to the wall of the tube using MagRack6 (GE Healthcare Life Sciences). After triple washing with PBS (pH 7.4), CMM-APBA beads were resuspended in PBS.
The concentration of APBA in the supernatant was measured by matching its absorption maximum at 295 nm to a predetermined standard curve, and the results were used to calculate the quantity of APBA bound to CML or CMM beads.
Semen collection and sperm treatment
Semen samples from 10 sexually mature and healthy Guanzhong black boars (2.5-3 years) from the experimental farm of Northwest A&F University (Yangling, Shaanxi Province, China) were used in this study. Individual ejaculates were collected into a prewarmed tube twice a week by the gloved hand technique before transportation to the laboratory. Each sample was assessed for sperm concentration using a calibrated spectrophotometer and the percentage of motility was evaluated at 37°C under phase-contrast microscope. Only the qualified semen samples (more than 10 7 spermatozoa/mL and 80% motility) were selected and used for this study. In the laboratory, the semen samples were centrifuged (800 g, 10 min at 17°C) to separate sperm and seminal plasma. The sperm pellets were wished twice with the basic diluents (BTS), which composed of 27.5 g of glucose, 2.35 g of EDTA, 6.9 g of sodium citrate, 2.9 g of citric acid, 1.0 g of NaHCO 3 and 5.65 g of Tris for 1000 mL of deionized water (Estienne et al. 2007 ). The sperm (5 × 10 7 spermatozoa/mL) was resuspended in the basic diluent. Those swim-up spermatozoa were collected for the following experiments.
Neuraminidase treatment
These swim-up spermatozoa in the basic diluent were incubated with neuraminidase (Sigma, N-2876) (1 IU/mL in PBS) for 30 min at 37°C. Then, the spermatozoa were washed twice to remove neuraminidase. Sperm samples incubated without neuraminidase, as control groups, went through the same procedure.
Capacitation
Spermatozoa were centrifuged (800 g, 10 min at 17°C) and the pellets were resuspended in capacitation medium (CM) (95 mmol/L NaCl, 4.8 mmol/L KCl, 2 mmol/L CaCl 2 , 25 mmol/L NaHCO 3 , 1.2 mmol/L KH 2 PO 4 , 5.56 mmol/L glucose, 1 mmol/L sodium pyruvate 0.6% BSA, pH 6.9) to a concentration of 5 × 10 7 spermatozoa/mL. And then the sperm in extender was incubated for 3 h at 37°C for in vitro capacitation in a humidified incubator with 5% CO 2 (Kumaresan et al. 2014) . The control sperm pellets were resuspended in BTS. Then, those swim-up spermatozoa were collected for experiments.
Chlortetracycline (CTC) staining
The CTC (Anyan, Shanghai, China) staining procedure was essentially carried out as described (Wang et al. 1995) . After the capacitation, those swim-up spermatozoa were selected and the capacitation medium or BTS was removed (800 g, 5 min at 37°C). Sperm were resuspended in PBS and mixed with equal volume (45/45 μL) of CTC solution (750 μmol/L CTC in 130 mmol/L NaCl, 5 mmol/L cysteine, 20 mmol/L Tris-HCl, pH 7.8) and incubated for 30 min at 37°C. Cells were then fixed by 8 μL of 12.5% paraformaldehyde in 0.5 mmol/L Tris-HCl (pH 6.9) for 10 min. 10 μL of sperm suspension was delivered onto a clean glass slide and covered with a clean coverslip. Then, 300 spermatozoa per slide were observed using a fluorescence microscope equipped with phase-contrast and green epifluorescent optics (Nikon) at 200× magnification. To avoid evaporation and CTC fading, slides were kept in a wet chamber until the evaluation was carried out.
Microscopy and flow cytometry analyses of spermatozoa bound with CML-APBA probe
After the capacitation, the swim-up sperm was washed twice in BTS (pH 6.9). Sperm sample of each group was incubated with CML-APBA. The protocol was as follows: The CML-APBA probe was diluted 40 times in PBS (pH 6.9). 100 μL sperm suspension (5 × 10 7 spermatozoa/mL) was incubated with 25 μL CML-APBA probe for 40 min in the BTS pH = 6.9 at 37°C. And then the sperm was washed three times (at 800 g, 3 min at 37°C) with PBS (pH 6.9) for removing the uncombined probes, the sperm pellets were resuspended in PBS for flow cytometer analysis (FACSCalibur, BD Biosciences, NJ, USA). In the meantime, 5 μL sperm suspension was added on clean slip and covered with a clean coverslip. Green fluorescence was observed under microscope equipped with phase-contrast and epifluorescent optics (Nikon) at 400× magnification. Control group of semen were incubated only with CML beads according to the above same protocol, respectively.
Fluorescein isothiocyanate-conjugated wheat germ agglutinin (WGA-FITC) staining of spermatozoa
After the capacitation process, WGA-FITC (Sigma) was used to label uncapacitated and capacitated sperm cells. The swim-up sperm was divided into two groups. One was treated with neuraminidase (1 IU/mL in PBS, 30 min, 37°C), and the other was induced capacitation. The sperms were incubated with WGA-FITC at a final concentration of 30 µg/mL for 1 h at room temperature in a humid chamber. Then, the sperm was washed three times (at 800 g, 3 min at 37°C) using PBS (pH 7.4) for removing the uncombined WGA-FITC, and the sperm pellets were resuspended in PBS for flow cytometer analysis. In addition, sperm was fixed for 2 h using 4% paraformaldehyde and then was placed on a clean coverslip and then air-dried to enable the cells to attach to the surface. They were then rehydrated with PBS for 10 min and incubated with a blocking solution containing 2% of BSA (Sigma) in PBS for 1 h. After blocking, the sperm on cover slip was incubated with WGA-FITC at a final concentration of 30 µg/mL for 1 h at room temperature in a humid chamber. The cover slip was washed three times in PBS for 5 min each time and then mounted with 50% glycerinum. Green fluorescence was observed under microscope (Nikon) at 400× magnification.
Immunofluorescence
Sperm cells were fixed in 4% (w/v) paraformaldehyde (PBS/ PFA) for 30 min at room temperature. After washing three times with PBS, the sperm were resuspended in PBS and placed onto poly-l-lysine-coated coverslips (5-μL sperm suspension/ spot), and completely dried for 15 min at room temperature. The sperm were blocked in blocking buffer (3% BSA in PBS) at room temperature for 1 h and then incubated with primary antibodies AWN, PSP-1 (Du et al. 2016 ) and tyrosine phosphorylation antibody (Cat# ab17302, Abcam) overnight at 4°C. The negative controls added PBS instead of primary antibodies. Then, slips were washed in PBS and incubated with FITC-conjugated secondary antibodies (Santa Cruz) for 2 h. The slips were washed in PBS and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma) for identification of nuclei, and then examined using a fluorescent microscope.
Protein enrichment using CMM-APBA beads
Sperm pellets were collected after centrifugation at 800 g for 5 min at 4°C and sperm lysis was acquired in RAPA buffer (RAPA:PMSF = 100:1). 100 μL sperm lysate (1 μg/μL) was diluted in 900 μL PBS (pH 6.9). For removing nonspecific binding components, the CMM-APBA beads (20 μL) were added into the supernatant and incubated on shaker at 4°C for 12 h. CMM beads were used as negative control in the experiments. The supernatant was separated using the magnetic MagRack6. The beads were washed three times with PBS. Then, the proteins were eluted with 50 μL of elution buffer (pH 10) added onto the beads and incubated on shaker at 4°C for 30 min. The proteins were separated from beads using the magnetic MagRack6. This procedure was also repeated three times. The collected proteins were boiling with loading buffer for 10 min.
Western blot analysis
Protein samples were boiled in 5× loading buffer for 10 min and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, proteins were Chemiluminescent signals were captured by digital camera or detection system (FluorChem®HD2, Alpha, USA), and quantitative analysis was performed using NIH ImageJ (Schneider et al. 2012) . The relative level was calculated as ratio of density of target protein to that of beta1-tubulin.
Statistical analysis
All analyses were performed using Statistical Product and Service Solutions (SPSS 11.5 for windows; SPSS). All results were expressed as mean (s.d.) The mean values of the percentages of different kinds of patterns of sperm by CTC, CML-APBA and WGA-FITC staining were compared using Duncan's multiple range tests by ANOVA procedure, when the F value was significant (P < 0.001). The correlation among the above-mentioned methods was evaluated by linear regression analysis.
Results
Conjugation efficiency in the preparation processes of CML-APBA probe and CMM-APBA beads
To measure the efficiency of APBA conjugated to CML or CMM, the concentration of APBA in the supernatant was detected by matching its absorption maximum at 295 nm to a predetermined standard curve in the same buffer ( Fig. 2A) , and the results were used to calculate the quantity of APBA bound to CML or CMM beads (Fig. 2B) .
In a predetermined standard curve, the relationship between absorption spectra and concentration of APBA was linearity, and the optimal fitting equation was concentration of APBA = 80.978 × value of OD259.
An excessive amount of APBA was added into the CML beads or CMM beads in the conjugation buffer. The APBA-CML (or CMM) obtained was ultrafiltrated twice to remove free APBA. The concentration of APBA in the filtrate was measured by matching its absorption maximum at 295 nm to a predetermined standard curve, and the results were used to calculate the content of APBA bound to beads. We found that the amount of APBA-bound CML or CMM was not affected by reaction time and the additional amount of APBA. Finally, the concentration of CML-APBA or CMM-APBA was 150 ± 9.5 μg APBA/mg CML and 143.8 ± 5.6 μg APBA/ mg CMM, respectively ( Fig. 2B and C) .
Capacitation assessment of boar sperm by CTC staining and protein tyrosine phosphorylation level analysis
Increased level of tyrosine phosphorylation of sperm proteins is thought to be related to capacitation (Dorval et al. 2003 , Bravo et al. 2005 . In our study, the level of protein tyrosine phosphorylation of the Guanzhong Black boar sperm generally increased after capacitation (Fig. 3B ).
Significant increase of spermatozoa with CTC staining fluorescent pattern B (Fig. 3A ) and significant decrease of spermatozoa with CTC staining fluorescent pattern A (Fig. 3A) are a golden standard of capacitation (Ded et al. 2010 ). In our study, CTC staining pattern significantly changed in spermatozoa after capacitation in vitro. The rate of spermatozoa staining with staining pattern A was 84.5% ± 1.95% before capacitation, but only 21.3% ± 1.86% spermatozoa showed this pattern of staining after capacitation (P < 0.01). On the contrary, the percentage of spermatozoa with CTC staining pattern B was 4.30% ± 0.16% before capacitation, while up to 61.9% ± 1.95% spermatozoa had pattern B of CTC staining after capacitation (P < 0.001). The results of protein tyrosine phosphorylation and CTC staining indicated that the protocol applied in this study was reliable for capacitation induction.
The assessment of sperm capacitation would be done for every sperm sample before use in the present study.
Sialylation profiling on boar sperm surface with CML-APBA
The uncapacitated and capacitated spermatozoa were incubated with CML-APBA probe in PBS with a pH value of 6.9, and the spermatozoa were then washed and analyzed under fluorescence microscope (Fig. 4) .
On the heads of uncapacitated spermatozoa, three green fluorescence sections could be detected: acrosomal region, equatorial segment and the head posterior (named as pattern W). At the principal segment and terminal of tail (Fig. 4B) , the fluorescence signal could also be detected. After capacitation, spermatozoa were divided into two major groups according to the different locations of the green fluorescence signals on sperm surfaces: sperm with the fluorescence signals on equatorial segment and the head posterior (named as pattern X), and sperm with the fluorescence signals on acrosomal region and the equatorial segment (named as pattern Y). The green fluorescence signal was also observed at the principal There's a lower fluorescence intensity of boar sperm after capacitation than before capacitation. Uncap, uncapacitated sperm; Cap, capacitated sperm; Ne, neuraminidase treatment; the dual asterisk (**) represented the sperm number of the same fluorescence staining pattern was significant difference between after capacitation before capacitation (P < 0.001). Scale bar: 7 µm.
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Reproduction (2018) 155 25-36 segment and terminal of tail (Fig. 4C) . Furthermore, the results of flow cytometry analysis showed that the fluorescence signals on capacitated sperms significantly reduced (Fig. 4E) , suggesting that the whole sialylation level decreased during capacitation. In order to verify the recognition specificity of CML-APBA probe for SA, the spermatozoa were treated with neuraminidase (also called sialidase) incubated with CML-APBA under the same condition. Little green fluorescence was detected on sperm under fluorescent microscope (Fig. 4A) . Meanwhile, the green fluorescence signal could not be detected on sperm under fluorescent microscope when the sperm was incubated with CML at the same condition (data not shown). It was inferred that CML-APBA may be used as specific fluorescence probe to locate the SA on sperm and to monitor the changes of sialylation on boar spermatozoa.
Previous studies had shown that wheat germ agglutinin (WGA) has some affinity for SA (Nagata & Burger 1974 , Magargee et al. 1988 . We also compared the difference of fluorescence location using the WGA-FITC by using the CML-APBA probe. Sperm of the Guanzhong Black boars was also incubated with WGA-FITC before and after capacitation. The results indicated that there were three fluorescence staining patterns in uncapacitated and capacitated sperm (Fig. 5B and C) . More than half of the spermatozoa exhibited pattern C, which is bright fluorescence at posterior of sperm head. However, there was no significant difference between the capacitated and uncapacitated spermatozoa. However, the rate of the pattern D, which was no fluorescence at acrosome of sperm head was higher in uncapacitated spermatozoa than in capacitated spermatozoa. In contrast with the pattern D, the percentage of the pattern E, which bounding FITC-WGA was tested by flow cytometry during capacitation. Uncap, uncapacitated sperm; Cap, capacitated sperm; Ne, neuraminidase treatment; the dual asterisk (**) represented the sperm number of the same fluorescence staining pattern was significant difference between after capacitation before capacitation (P < 0.001). Scale bar: 7 µm. was hypofluorescence on sperm head increased after capacitation (Fig. 5D ). We also found that fluorescent spermatozoa could be divided into two groups ,before capacitation as well as after capacitation, by flow cytometry analysis (Fig. 5E ).
Decapacitation factors AWN and PSP-1 and their sialylation during boar sperm capacitation
AWN and PSP-1, which are highly abundant proteins in boar seminal plasma, have been considered to be decapacitation factors (Dostálová et al. 1995 , Varela et al. 1997 . Immunofluorescence suggested that AWN and PSP-1 were located in the acrosomal region and tail of the uncapacitated sperm, and both their levels in acrosomal region decreased in in vitro capacitation (Fig. 6) . On capacitated spermatozoa, AWN localized on the acrosome membrane and the head posterior, and PSP-1 appeared simultaneously on the acrosome membrane and the apical area of the principal piece of the sperm tail before capacitation in concurrence with previous reports (Sanz et al. 1992a , Manaskova & Jonakova 2008 , Villaverde et al. 2016 . There is a partial overlap between the location of SA and AWN or PSP-1 (Fig. 6A and B) . The localization of AWN or PSP-1 on sperm treated with neuraminidase did not seem to change (Fig. 6C and D) . Western blot analysis was carried out for assessment of protein levels during capacitation (Fig. 7A) .The levels of both PSP-1 and AWN decreased during capacitation. However, in the presence of neuraminidase, the level of PSP-1 (P < 0.01) on spermatozoa were less than that of control groups, but the level of AWN did not change, compared with that of control groups (P > 0.05). Furthermore, AWN or PSP-1 of capacitated spermatozoa could still be captured by CMM-APBA beads and detected by Western blot analysis (Fig. 7B ). AWN and PSP-1 were reduced after sperm capacitation. It not only further confirmed that AWN and PSP-1 are two sialylated proteins (Sanz et al. 1992b , Dostálová et al. 1995 , Nimtz et al. 1999 , but also suggested that the dissociation of AWN and PSP-1 from spermatozoa during capacitation may contribute to decreased sialylation on boar spermatozoa.
Discussion
Biological function of SA has been reported in various pathological and physiological processes. The invasion of some viruses and bacteria also depends on some specific SA patterns and aberrant sialylation is the feature of numerous of neurological, immune, cancer and congenital disorders of glycosylation (Yadav 2016) . SA plays an important role in mammalian sperm undergoing epididymal maturation, capacitation and the acrosome reaction, and sperm-egg recognition (Pang et al. 2011 , Ma et al. 2012 , 2016 . There are some methods to research sialylation on mammalian sperm such as thiobarbituric acid assay (Diringer 1972) , MBTH-method (Toowicharanont & Chulavatnatol 1983 ), lectin probing (Jimenez et al. 2003 ), chromatograph (Ilinov et al. 1994 ) and so on. However, the confused results were reported using different methods by different research groups. Toowicharanont and coworkers reported that the content of SA of sperm decreased during sperm transferring from caput to cauda of epididymis by MBTH method (Toowicharanont & Chulavatnatol 1983) . But Magargee and coworkers thought that content of SA bound with sperm increased during sperm transition through epididymis by using fluorescence-labeled WGA lectin (Magargee et al. 1988) . With chromatography, Ma and coworkers quantified SAs released by the presence of sperm sialidases (Ma et al. 2012) , proving that sialylation decreases on mouse and human spermatozoa during capacitation. However, it has been accepted that lectin-bound fluorescences are capable to not only locate SA on cell surface, but also quantify the content of SA by flow cytometry, with a degree of non-specificity (Gomez-Torres et al. 2012 , Villaverde et al. 2016 .
Special affinity of boronic acid to SA at acidic environment was reported several decades ago and it has been extensively applied in cell labeling and sialylated biomolecule separation because of recent development of monolith materials (Lu et al. 2013) . In our study, FITC latex beads chemically bound with 3-aminophenylboronic acid (CML-APBA) were prepared and used to localize the terminal SA residues on boar sperm surface as a fluorescent probe (Figs 1 and 2) . Meanwhile, magnetic beads modified with APBA were prepared to enrich the sialylated proteins of sperm, which could be subsequently applied for quantity comparison of selected sialoglycoproteins by Western blot analysis.
Terminal SA residues on sperm surface could be located using CML-APBA with a high specificity. There were few fluorescent signals on spermatozoa after treatment with neuraminidase (sialidase), which suggested that the probe could specially bind with SA on the sperm membrane. We found that the green fluorescence signal appeared at three sections on sperm head before capacitation, while there were mainly two fluorescence groups of sperm after capacitation. The results showed that the distribution of SA by CML-APBA is different from WGA staining (Figs 4B, C and 5B, C) (Magargee et al. 1988 , Jimenez et al. 2003 , Gomez-Torres et al. 2012 . A reason is that WGA recognizes both sialic acid (NeuNAc) and N-acetylglucosamine (GlcNAc) (Nagata & Burger 1974) , while boronic acid can favor binding with SA among common carbohydrates on cell surfaces at the physiological pH of 6.9 (Lu et al. 2013) . Flow cytometry analysis revealed sialoglycoproteins of sperm surface decreased using CML-APBA as well as using WGA-FITC.
Interestingly, it has been reported that sialylation is abundant on zona pellucid (ZP) (Soupart & Noyes 1964 , Dunbar et al. 1980 . Removal of SA residues from the ZP inhibits binding of spermatozoa to the ZP (Velasquez et al. 2007) . On the contrary, ZP recognition was associated with the removal of SA from human sperm surface. It is reasonable to hypothesize that SAs of spermatozoa do not contribute to the binding of sperm to ZP, they act more like a protective coat to protect the sperm antigen before sperm-egg meeting. The decreased content of SAs may be related with the shedding of glycopeptide and sialoglycoproteins from spermatozoa (Srivastava et al. 1970 , Focarelli et al. 1990 , Ma et al. 2012 .
We used the APBA magnetic beads-enriched sialoglycoproteins in sperm lysate and identified two sialylated proteins AWN and PSP-1 by Western blot analysis (Fig. 7B) . Boar sperm adhesin AWN and PSP-1, as decapacitation factors, are both carbohydratebinding proteins peripherally attached to the external surface of spermatozoa (Calvete et al. 1995) . Consistent with previous results, we demonstrated that AWN and PSP-1 are two sialylated proteins of boar sperm (Fig. 7B ) (Sanz et al. 1992b , Nimtz et al. 1999 . We found that the content of AWN of sperm treated with or without neuraminidase was decreased after capacitation. The content of PSP-1 of sperm treated with neuraminidase showed no significant change after capacitation, while level of PSP-1 on uncapacitated sperms decreased in the presence of neuraminidase (Fig. 7A ). This suggests that dissociation of AWN or PSP-1 from spermatozoa depends on different mechanisms. Especially for PSP-1, presence of neuraminidase from spermatozoa during capacitation may result in the dissociation of PSP-1, which suggested that sperm neuraminidases not only desialylated sperm surface (Ma et al. 2012) , but also help in the dissociation of decapacitation factors from boar spermatozoa.
Conclusions
A new method was established, which could mark SA on porcine sperm membrane and separate sialoglycoproteins of porcine spermatzoa at pH 6.9 using carboxylate-modified latex beads (CML) or carboxylate-modified magnetic beads (CMM) modified with 3-aminophenylboronic acid (APBA), respectively. There are three green fluorescence sections on the sperm head: acrosomal region, equatorial segment and the head posterior before capacitation. After capacitation, there were two major groups of spermatozoa with different locations of sialylation. Flow cytometry analysis showed that level of sialylation on boar sperm membrane decreased after capacitation. Using CMM-APBA magnetic beads, we proved that AWN and PSP-1 were two sialoglycoproteins and the amounts of the two decapacitation factors were reduced after capacitation. It was inferred that dissociation of PSP-1 from sperm membrane may be related to desialylation carried out by sperm neuraminidases during capacitation.
